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Abstract. In RFID (Radio Frequency Identification) system, an anti-collision algorithm 
plays a prominent role in the tag recognition process to reduce the required time for 
identifying the tag and enhance the RFID system efficiency. In this paper, we present a 
theoretical analysis of optimal frame size assignment for the maximization of system 
efficiency of a tree-based anti-collision algorithm, called optimum dynamic tree (ODT) 
algorithm, which is used for RFID tag recognition process. Analysis indicates that the 
appropriate frame size for a given number of competing tags should not be set equal to the 
number of tags, which is usually adopted in literature. Instead of this, the frame size should 
be kept smaller roughly by a factor of 0.871 to maximize system efficiency. The closed-form 
solution for calculating system efficiency has been derived. The simulated results show 
excellent correlation with the theoretical one. Range for the exact appropriate frame sizes 
for the number of tags is from 2 to 100. Comparison has been made for the tag-identification 
time of conventional binary tree and ODT algorithms according to the international 
standard ISO 18000-6B. 
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1. Introduction 
 
Collision Resolution Algorithm (CRA) plays a vital 
role in resolving the collision for a multi-access 
communication system. In such a system, many users 
randomly access the shared medium without having any 
prior coordination among them. As a result, collision 
happens when two or more user’s packet overlap each 
other. In case of collision, the packet needs to be 
transmitted again. CRA determine necessary actions in 
order to enhance the efficiency for the identification 
process of the collided user/packet while improving 
overall system efficiency [1, 2].   
Radio frequency identification (RFID) is a multiuser 
communication practice, where multiple RFID tags can 
simultaneously transfer the messages to an RFID reader in 
its interrogation zone through a shared RF channel. The 
RFID reader is a powerful component having enough 
computational memory and resources. The RFID tags 
range from the smart active tags to the passive tags. Active 
tags use their own battery power to activate while the 
passive tags totally depend on its reader transmission 
power. The passive tags are commonly deployed in RFID 
communication systems due to the lower cost. The main 
objective of an RFID reader is to identify the tags within 
its coverage area while utilizing lesser energy and time 
consumption. However, the concurrent messaging from 
several tags to the reader leads to a problem termed as tag 
collision, where the reader denies the identification of the 
tags. In this scenario, messages are retransmitted and 
consume more system resources leading to an inefficient 
system performance [3-6].  
The CRAs are required in order to handle the tags 
collision problem effectively and improving the efficiency 
of RFID systems. There are many anti-collision algorithms 
for fast tag identification and can be mainly categorized 
into two groups namely, ALOHA and tree-based 
algorithms [7,8]. In an ALOHA-based algorithm such as 
slotted ALOHA, Framed Slotted ALOHA (FSA) and 
Dynamic Frame Slotted ALOHA (DFSA), the time is 
divided into timeslots and a set of timeslots form a frame. 
The tags can randomly send their responses at each slot or 
frame. In Frame Slotted ALOHA (FSA), a fixed frame size 
is being used throughout the whole process of tag 
identification and the maximum achievable stable 
efficiency is 1/ e . In contrast, the Dynamic Framed 
Slotted ALOHA (DFSA) implement variable frame size 
depending on the number of tags in the system. Although 
the ALOHA-based algorithms are simple, but how many 
timeslots are needed for the reader to identify all tags is 
unknown. The tree-based algorithms sub-group the 
collided tags recursively in a tree structure until each leaf 
node of the tree structure left with zero or one tag. Hence, 
all tags can be known within a certain timeslot. The tree-
based algorithms are practically more ideal and focused in 
this paper [9-14]. 
In [15, 16], the tree algorithm has been used as a 
multiple access protocol for wireless communication 
systems In [16], the author has introduced a Binary Tree 
Algorithm (BTA) where the collided tags are grouped into 
two subgroups along with the tree structure until the leaf 
nodes in the tree structure contain only one tag or none. 
BTA has an efficiency of 34.6% and can be improved up 
to 36.6% with the help of ternary tree algorithm (TTA), 
where the collided tags are resolved by further grouping 
them into three sub-groups. M-ary tree concept can also 
be found in the literature [17], where the collided tags are 
divided into M number of sub-groups instead of two or 
three as in BTA or TTA respectively [17, 18]. In addition, 
[16] initiated a binary tree based Optimum Dynamic Tree 
(ODT) algorithm with an optimum efficiency of 42.9% 
under infinite tag population which proved to be more 
efficient as compared to the conventional tree algorithms. 
The ODT process is performed in two steps. Initially, the 
tags compete in a frame where the frame size is dependent 
on the number of tags in the system. Secondly, the collided 
slots in this frame are cleared using BTA. Later in 2013, 
the ODT algorithm adopted in [19], and introduced a 
Splitting Binary Tree Slotted ALOHA (BTSA) algorithm 
with a system efficiency of 42%. This algorithm gives the 
highest practical efficiency of 42% up-to-date. Therefore, 
it is interesting to investigate the ODT algorithm, which 
nearly enhances 7% of system efficiency using the 
splitting-based technique.  
In this work, we analyzed the ODT algorithm and 
deduced a closed-form mathematical expression of the 
ODT system efficiency. Furthermore, we presented that 
higher system efficiency can be achieved when the frame 
size ( L ) is equal to N , where the  is the multiplicative 
factor use in ODT algorithm for any range of tags ( N ) to 
achieve the optimum L . In order to use ODT algorithm 
for practical RFID applications, it’s easy to use lookup 
table which is derived for a smaller number of tags. 
The rest of the paper is structured as follows. We 
describe the BTA and ODT algorithms in Section 2 and 
in Section 3, the collision arbitration process of the ISO 
18000-6 TypeB protocol is given. The analysis of the ODT 
algorithm is shown in Section 4 with the relationship 
between the optimum frame sizes and the number of tags. 
Section 5 describes the results and discussions. We 
conclude our work in Section 6. 
 
2. The Description of Binary Tree and 
Optimum Dynamic Tree Algorithms  
 
2.1. Basic Binary Tree Algorithm (BTA) 
 
Basic Binary Tree Algorithm (BTA), also known as 
fair tree, is originally introduced by Capetanakis [16]. In 
BTA, the collided users are grouped into two subgroups 
until the collision-free subgroups are created. In Fig. 1, a 
BTA execution example is presented based on the Depth 
First Search (DFS) considering a finite population with six 
users (ABCDEF) in a system.  
ISO 18000-6 Type B, as the RFID air interface 
communication standards at 860-960 MHz [20] uses the 
BTA as the collision arbitration algorithm and it has 
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adopted the DFS approach in BTA in order to identify the 
RFID tags. According to the DFS tree branching 
procedure, the initially collided users (in the initial slot) can 
be split into two subgroups. The collided tags in the first 
subgroup can be further subdivided and transmitted in the 
respective slot. This mechanism will repeat until all the 
collided users in the first subgroup succeed, and then, 
followed by the second group of the initial slot until all the 
collided users succeed. 
 
 
 
Fig. 1. An execution example of BTA with six initial collided users. 
 
2.2. Optimum Dynamic Tree 
 
The initial prototype of the optimum dynamic tree 
(ODT) algorithm is introduced in [16] in order to improve 
the average efficiency of the elemental binary tree 
algorithm. In the ODT algorithm, the users are initially 
split into K slots, without making all the users compete for 
the first slot which may result in a collision and a waste of 
a slot. Then, the collision resolution follows the same 
instructions of the binary tree algorithm as earlier 
explained. The term dynamic is used since K may vary 
according to the number of users in the system. Figure 2 
shows the six tags (ABCDEF) identification processes 
which uses the ODT algorithm as the tag identification 
algorithm. In this example, we consider the initial splitting 
frame size as six. 
 
 
 
Fig. 2. An execution example of ODT for six users with initial splitting frame size of six. 
 
3. Binary Tree Collision Arbitration in the ISO 
18000-6 Type B standard 
 
As aforementioned in Section 2.1, BTA is the collision 
arbitration algorithm used in ISO 18000-6 Type B RFID 
air interface communication standards at 860-960 MHz 
[20]. In the Type B standard, tags maintain two types of 
hardware parts; a random generator to generate ‘0’ and ‘1’ 
and 8 bits counter namely COUNT. The collided tags are 
split into two subgroups based on the randomly generated 
binary value of ‘0’ and ‘1’ and this process is continued 
until all the tags are identified without any collision. The 
COUNT value is used to track the tag’s position in the 
tree structure whereas the tags with the COUNT value 
equal to ‘0’ can transmit their IDs to the reader. 
We can summarize the collision arbitration process of 
Type B standard as follows in detail with the help of the 
tag state transition diagram shown in Fig. 3.  
 
Step 1: The reader sends the SELECT command which is 
used to identify the subgroup of tags joining the 
collision arbitration process. The selected tags are 
moved from READY state to ID state and set 
their COUNT to ‘0’. The tags whose COUNT 
value is ‘0’ can transmit their IDs to the reader. 
Step 2: If the reader receives several responses then a 
FAIL command is sent back to the tags.  
Step 2a: The tags with COUNT ‘0’ generate a 
random number ‘0’ or ‘1’ and add it to its 
counter and the rest of the tags 
increment the COUNT. The tags 
COUNT with ‘0’ transmit their IDs again 
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and other tags with none zero counter 
values remain silent.  
Step 3: If the reader doesn’t receive any response, then a 
SUCCESS command is sent back to the tags. 
Step 3a: All the tags receiving the SUCCESS 
command decrement their COUNT values. 
Then the 
tags with COUNT ‘0’ shall transmit their 
IDs to the reader. 
Step 4: If the reader receives only one response then a 
DATA_READ command with the received ID are 
sent back to the corresponding tag. 
Step 4a: If the corresponding tag successfully 
receives the DATA_READ command, it 
will move to the DATA EXCHANGE 
state and transmits its data. Then the 
reader sends the SUCCESS command 
and after receiving the SUCCESS, all the 
tags in the ID state decrement their 
counter values.  
 
The reader maintains a counter value which is used to 
identify the termination of the tag identification process. 
When the reader’s counter value becomes zero, the 
identification process is terminated. When the reader 
sends the SUCCESS command, the counter value 
increments by one and after sending a FAIL command, 
the counter value decrements by one. To terminate the tag 
identification process, the reader’s counter value is used. 
Figure 4 shows an example of identifying three tags (nA, 
nB, nC) using Type B standard by following the above-
mentioned collision arbitration process from Step 1 to 
Step 4a.  
 
 
 
Fig. 3. State transition diagram of a tag based on ISO 18000-6 Type B standard [20]. 
 
 
 
Fig. 4. An example of identifying three tags using ISO 18000-6 Type B standard. 
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4. Performance Analysis of BTA and ODT 
Algorithms 
 
In this section, we present an analytical model to 
achieve the optimum achievable system efficiency   of 
ODT algorithm. Using Eq. (1) the system efficiency is 
derived for N  tags with the mean number of timeslots 
required in ODT algorithm to recognize N  tags which is 
( )ODTT N . 
 
 
( )ODT
N
T N
  . (1) 
 
As given in [7], the mean number of timeslots desired by 
the binary tree algorithm with a fair splitting to recognize 
N  tags which is BTAT (N)  can be given by 
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Using an approximated asymptotic expression given 
in [21], Eq. (2) can be further simplified and presented as 
Eq. (3). It shows that to identify initially collided two tags 
( 2)N using BTA, five average number of timeslots are 
required including the initially collided slot. For more than 
two tags, it is 
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Let ODTT (N, L)  denotes the mean number of slots 
required by ODT algorithm to identify N tags which are 
initialy distributed in a frame with L  slots.  Then, 
( , )ODT N LT  can be given by: 
 

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3
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1ODT BTA
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.(4) 
 
where  
 
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 
n- ii
n
B(n, p, i) = p 1- p
i
 . 
In ODT tag recognition process, at the earlier stage, 
the tags are split into L  sets and the collided slots among 
these sets are resolved based on binary tree protocol. 
1B(N, / L,n)  represents the binomial probability of n  
collided tags out of N  tags distribute among L  initial 
slots. The 1 0B(N, / L, ) , 1 1B(N, / L, ) and 1 2B(N, / L, )
represent the binomial probability of no tag, one tag and 
two tags arbitrary select L slots respectively. As given in 
Eq. (3), the average number of slots needed to resolve two 
tag collision in binary tree is 5, and B(N,1/ L, 2) 5  
represents number of slots required to resolve two tags 
collision out of N tags. ( ,1/ ,0) ( ,1/ ,1)B N L B N L
represents the required number of slots for one tag 
selection or zero out of N tags.  
By substituting Eq. (3) to Eq. (4), the ( , )ODT N LT can 
be simplified as given in Eq. (5). 
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In order to discover the required optimum initial 
frame size in ODT to resolve the collision of any N tags 
with minimum slot consumption, the function ( , )ODT N LT  
given in Eq. (5) is differentiated with respect to L . Let’s 
assume the resulting expression derived after the 
differentiation equal to zero and further analyze it with 
L N  , where   is a constant which represents the 
ratio of L  and N  . Then, for large number of tags, Eq. 
(5) can be simplified to: 
 
 
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Equation (6) can be plotted as shown in Fig. 5, which 
illustrates the optimum frame sizes L , resulting into the 
minimum average number of timeslots in collision 
resolution for different number of tags. By taking the ratio 
between the frame size L and tags, the  value which 
represent the minimum average number of timeslots, can 
be calculated. It shows that for large number of tags, the 
relationship between the frame size L  and number of 
tags N  is 0.871L N  where 0.871  . 
Substituting 0.871L N in Eq. (4), Eq. (7) can be derived.  
 
    ,  2.3278 0.04172ODT N L NT . (7) 
 
Using Eq. (1), the system efficiency of ODT 
algorithm for large number of tags is 
 
     0.42959
2.3278
ODT
N
N
. (8) 
 
As given in Eq. (8), the optimal system efficiency of 
ODT algorithm is 0.42959. The results in this paper 
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provide the confirmation for the results in reference [19] 
in which the authors derived the optimal efficiency of 
ODT with the assumption of initial frame size equal to the 
number of tags in the system. In our work, we obtain the 
optimum average efficiency of 0.429 based on the 
relationship between the initially required frame size and 
the available number of tags in the system.  
 
 
 
Fig. 5. Frame sizes ( L ) vs. ( , )ODT N LT for different number of N . 
 
5. Simulation Results and Discussion 
 
In this section, we validate the analytical model given 
in Section 4 using computer simulation for 2-1000 number 
of tags ( N ). The subsequent impact on the performance 
of ODT algorithm with different   values for 2-1000 
number of tags is evaluated. Furthermore, for binary tree 
and ODT algorithms, performances are compared using 
ISO/IEC 18000-6 Type B standard with respect to 
required average time to identify all the tags. The 
processes of tags selecting the slots and reader identifying 
the tags are performed using MATLAB simulator. 
Figure 6 shows the achievable system efficiency of 
ODT algorithm for different number of tags and   
values. It confirms that the highest achievable efficiency is 
derived when 0.75 1  . For small number of tags 
ranging from 2 to 10, it is required to have different 
values to achieve the highest system efficiency as 
illustrated in Fig. 6(a). For larger number of tags as shown 
in Fig. 6(b) and Fig. 6(c), the optimal efficiency can be 
achieved with 0.87  . Figure 7 illustrates that for 
number of tags less than 150, there is a rapid change in the 
ratio of /L N  , while for larger number of tags, it is 
approximated to 0.8. Therefore, the simulated results 
support the analytically derived  value in Section 4. As 
we can see in Fig. 6(a), for 2 100N   the  value is 
inconsistent. Therefore, in order to use ODT algorithm in 
practical RFID applications, a lookup table can be easily 
derived as given Table 1 for 2 100N  range of tags. 
For larger number of tags such as 100N  , the frame 
sizes can be computed using (0.871 )round N  where 
( )round   is used to round the digits to nearest integer.  
We analyzed the ODT efficiency for three different 
  values as given in Fig. 8. The optimal  means that 
 give the optimum efficiency in ODT algorithm for N . 
0.871   indicates the ODT efficiency when the initial 
frame size L  equal to 0.871N  as given in Section 4. 
1   represents that the initial frame size L  is equal to 
number of tags N .The curve of 0.871  is vibrated 
close to the curve of optimal  confirming that the
0.871   gives the ODT optimum efficiency around 
42.9% for large N as given in (8). Furthermore, it is 
justified that the frame size should be lower than the 
number of tags to achieve the higher system efficiency.  
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(a) 
 
 
(b) 
 
 
(c) 
Fig. 6. ODT algorithm efficiency for different  . 
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Fig. 7. /L N for number of tags  2 1000N . 
 
 
 
Fig. 8. ODT algorithm efficiency for number of tags  2 1000N . 
 
Table 1. Lookup table with optimal frame sizes for number of tags 1 100N  . 
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Additionally, the performance of BTA and ODT 
algorithms in terms of the tag-identification time in 
seconds is being evaluated using ISO/IEC 18000-6 Type 
B standard as given in [22]. We consider the data rate 
between reader and tag is 40 kbps and reader wait for 16 
bits of Quite field for tags response. Tags wait for reader 
commands during Preamble Detection field of 400µs. The 
timing values given in Table 2 are being utilize where the 
tag identification time is calculated based on the number 
of reader commands and tag responses in bits and multiply 
it with the data rates of both reader to tag and tag to reader 
[20]. As depicted in Fig. 9, the ODT algorithm has a higher 
identification speed than the BTA algorithm. However, 
the given results for ODT algorithm assume the perfect 
condition in which the number of tags in the system is 
known. Therefore, the depicted ODT algorithm results in 
Fig. 9 are satisfied only with a good estimator.  
 
Table 2 Time for processing one node based on Type B standard [22]. 
 
 
 
 
 
Fig. 9. Average identification for different number of tags 2 1000N  using Type B standard. 
 
6. Conclusion 
 
In this paper, we theoretically analyzed the 
relationship between the frame size and the number 
of tags for the ODT algorithm. The theoretical values 
are in good agreement with the simulation results. 
The results confirm that to achieve the optimum 
efficiency in the ODT algorithm, the initial frame size 
should be less than the number of tags. Furthermore, 
the multiplicative factor of    is identified for 
different ranges of tags and for a small number of tags, 
it shows a rapid change while for a large number of 
tags, it becomes constant around 0.871. Therefore, 
for a small number of tags, we have introduced a 
lookup table with optimum frame sizes to be used in 
practical RFID applications. Further, it confirms that 
the ODT algorithm can apply to the type B RFID 
systems with a good tag estimator for fast tag 
identification. 
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